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I !  * I  Abstract. We investigate mechanisms fo r  the production of gamma 
I 

- 6  

; radiation (hu > 10 kev) by the 61x1 and predict fluxes at the earth. 

i gamma radiation emitted by the quiet sun is negligible compared t o  

1 emission during a solar flare. The most important emission mechanism i n  1 
I ! 

the 10 kev t o  1Mev energy region is bremsstrahlung by flare-accelerated 1 

The ' 
I 

. .  . *  I 

I 

i 
! 

a *  I 

i I ! elec-frrons. The photon spectrum is continuous and decreases monotonicaUy 

I 

.- 1 _- 
i with 1 energy. Flare -accelerated protons w i l l  interact with carbon, nitrogen 

. . . , I :  i 
i and oxygen nuclei by inelast ic  scatter '  g and spallation reactions, pro- , )' 9 I ! 

I 

I 

' ' I ducing gamma radiation as a result of Aclear de-excitation. Neutrons 
I 

c resulting from spallation reactions w i l l  be par t ia l ly  captured by protons 

t o  produce deuterium and 2.23 Mev gamma radiation. The intensity of t h i s  

l i ne  emission is proportional t o  the r-eutron density i n  a flare- 

1 

I 

Line 

. emission a t  0.51 MeV results frm pos5;ron-electron annihilation. Positrons 

f are produced %y beta-decay o f  radioac Lve nuclei generated by spallation 
I 

. I 

-1- 
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* 1 . reactions and by the decay of  mesons produced i n  proton-proton 

' j , reactions. !Fhe primary source of photons with energy greater than 
i .- 

50 Yev is the decay of ff mesons, which are also produced i n  proton- ; !  

I\ . j  i 3 proton reactions. 
1 .  .. ' , 

i s  4 .  t ' Flux estimates indiate that the detection of gamma radiation 4 

.. 

.' ', : resulting from a solar  flare is feasible and would yield information on 

* '1 
' i  

8 1  

nuclear reactions as well as on the intensity sad spectrunr of high-energy 

. %  

. I. Introduction 
. .  ' 

. .  
5 ,  

* .  

I ,  

With the advent of high-altitude balloons, rockets, and sa te l l i t es ,  

. it is now possible t o  investigate all regions of the electromagnetic 

. 

. -- ' high-frequency range, where l i t t l e  work has been done before. 

i spectrum of the sun. One region of particular interest  is the extreme 

In th i s  

paper we sha l l  investigate the gamma-ray spectrum emitted by the 6uI1 and 

' determine what new information about the sun, and solar f lares i n  par t i -  

We shall al$O 

* .  I 

# '  

4 ,cular, we can learn from the  detection of t h i s  radiation. 
. I  

investigate the various gama rays t o  determine which portion of the I 

, spectrum is most feasibly detectable and which yields the most direct  infor- , 
, mation on solar-flsre structure. 

We shall adopt the definition of gamma radiation as any electro- . I  

. I  
; magnetic radiation i n  which the photon energy (hV) exceeds 10 kev 

i ! (1 .60 .X  lo4 ergs, corres&ding t o  a frequency of 2.42 X l& sec-' and 

I 

0 

a wave lehh  'of 1.24 angstroms). 
a i  

i \ 

1 )  

*r 
. I  : I  I 
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I In general, gama radiation can be produced by the follaring 
: 

* '  imechanisms: 
. I . .  

< 

(1) synchrotron radiation 
1 .  1 

I 4. * (2) electron recombination with atoms (free-bound trsnsit ions) 
I 

1 

1 (3) decay of naturally radioactive nuclei 

(4) inverse Coqton effect 
., 1 

1 

I 
. (5) bremsstrahlung (free-free transit ions) . 

(6) . nucleon-nudeon reactions 

(a) thennonudear reactions 

. .  . .  
$ 1  

I .  

J 

(b) 

(c) #-meson decay 

de-excitation of nuclei produced by nuclear bomballdment 

(7) electron-positron annihilation 

(a) beta-decay 

(b) n+-meson decay . I  

,We shall investigate each of the above sources t o  evaluate the 

relatpve intensi t ies  and types of spectra produced. To do this ,  however, 
I ' 
I 

we m d , t  Understand gaxna-ray absorption processes on the sun and the  

physic@. conditions existing i n  the quiet sun and i n  solar flares. I 
d 
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I ,  

. ,  . .  
. .  

. .  

I 
IAlthough gamma rays may be absorbed o r  scattered i n  many ways by I . (  

electrons, nucleons, e lec t r ic  fields, and meson f ie lds  [Evans, 19551 , 
I 
1 

I 
there are three predominant types of interactions: 

effeFt, (2) the compton effect, 

The to t& absorption cross section (including -tic scattering) for  a 

photon of frequency v i s  given by 

(1) the photoelectric 

(3)  electron-positron pair production. 
-- I \ 

I ! 
! 
I 

U V ' Q  + Q  + Q  7 ph c p r .  

, *  I I 
where\opph is the cross .section for the photoelectric effect, Uc fo r  the 

' 

I 
I 

P r  I /  

Compton effect, and 0 '  f o r  pair production. The absorption coefficient, 

k,, , is defined by 

-1 . 
= U  N , kv v a 

where Na is the number of agents per cm3 w i t h  which an interaction can 

OCCUT. The gamma-ray equivalent t o  the optical  depth of visual  radiation 

is given by 

where x and x 

and t o  the observer. 

sing a distanfe xo - x of absorber, w i l l  have an intensity I , given by 

are the distances fromthe center of the sun t o  the source 0 
Thw photons of i n i t i a l  intensity I after traver- 

0' 

(4) OtV ' 1 - 1  e 
'3 

A- 
. 
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i 
1 .  

Piotoelectric Effect. To calculate the photoeAectric absorption 
\ - coefficient over the photon energy range of 10 kev t o  10 Mev we m u s t  

use several different formulas. The main fea tws  of the absorption, - 

however, are given [Kaplan, 19563 by: 

hv is the energy of the incident photon; %c2 is the  rest energy of the 

electron; and 2 is the atomic number of the absorbing material. This 
. .  

fornula applies only t o  the ejection of electrons from the K she l l  of the i 
i 
j atom (- 80 per Cent of the photoelectric effect)  and assumes that the 

photon energy is small enough so that we can neglect re la t iv i s t ic  effects 

but is s t i l l  much larger t h a n  the K-shell binding energy. The photoelectric 

cross sections as a function of energy are given i n  Table 1. 

Compton Effect. The t o t a l  Compton cross section ( e l m t i c  scattering 

and absorption) is given [Evans, 19553 by 
. I  

I 

I 

. .  

. -5- 
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, .  

:where QI = hv/Moc2 . For CI < < 1, 

I 

~ 

l a n d f o r o r > > l  I 
I I 

I UC'" ; [* + AIl 2 4  cm2/ehctron (9) I 
! 

.Values of the t o t a l  Compton cross section are given in Table 2. 

I 

l 

I Electron-Positron Pair Production. The total pair-production cross 

:section per nucleus is [Evans, 19551 

. .  

2 -  - u o z  P , 

.where 

-20 ; 

.- 

2 cm /nudeus (10) 

2 
cm /nucleus (u) 

:T+ is  the kinetic energy o f t h e  positron produced; Z is the atomic number' 

: o f  the absorber; P is  a dimensionless quantity that is  a complicated 

j fhction of hv and 2, varying between 0 (for  hu S 2 Moc2) and about 20 

' ( f o r  hu = 

j [1955] gives a plot of P as a function of T+/(hu - 2 Moc2). Analytical 

' integration of the equation for  U pr is possible only for  re la t iv i s t ic  

) for all values of Z; and P is  the average value of P . - Evans 

I 

I 

i 

j casesl: 
I I 

i 
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1 I 
I 

:Values of the pair-production cross section are given i n  Table 3. 
i l  

I I 
! To estimate the effect  of gamma-ray absorption above the photosphere, 

we shall adopt'a path length i n  the corona of three t imes  the solar radius - 
: and overestimate the average electron density there by ass- it t o  be 

' lo9 un-3 over the ept i re  path. Using these valUe~, we have 

j Likewise, if we adopt a density of 3 X 1013 electmm/a3 i n  the flare and 

. a'path length i n  the fLre of 19 an, then 

t V  = 3 x lo= (uv) (15 1 

The maximum value of uv i n  the defined gamma-ray e n e r a  region occurs 

at 10 kev. 

nonabundant atoms retain even K-shell electrons. 

and i n  the flare i t se l f ,  the temperature is high enough so that hydrogen and 

h e l i u m  are completely'ionized. 

I n  the corona photoionization is negligible, since only a few 

In most of the chromosphere 

Therefore, at 10 kev 

I i 
:and 

'.. ifor the corona, and . 
! I 

I 3 x 1022 uc loo2 tv . 

. . fo r  flares. I Thus gamma-ray absorption above the photosphere is neaigible.  . .  
- _-. - -  -.__ ____._____ - ---- --- - - - a  ..- ____ _-_ 

~ ~ - . -  ..--- 
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I 
I 

It is interesting t o  note that at high gamma-ray energies, e.@;.-, 

i greater than $0 Mev, t, ha8 i t s  smcrlleet value, aad therefom, rad%&- 2 : t ion  of th i s  energy p d u c e d  within a depth of - 58 gq/cm 2 from the 
-4 

8 surface of sun w i l l  undergo little absorption. 

. IV. Properties of the Sun and Solar Flares Important t o  Gamma-Ray Production 

Because of the absorption in the inter ior  of the SU, we cannot detect 

gamma radiation originating at its center. 

interested i n  surface reactions that can produce this radiation. 

shall f ind th& solar flares are the primary source of gamma radiation. 

I n  t h i s  section we shall summarize b r i e f l y t h e  structure of the sun as 

W e  are therefore predominantly 

We 

I related t o  chromospheric f lares  and establish a simple approximation t o  

, t h e  nature of the interacting region tha t  produces gamma rays. 

Typical values of the temperature and density of the chromosphere 

. _ _  :and corona are given i n  Table 4 [Thomas and Athay, '1961; de Jager, 1959; 

.Van de Hulst, 19533 . 
a. A f la re  is defined as a sudden, short-lived brightening i n  Ha of a 

i I 

I 

' local; region on the sun's disk, occuring i n  the vicini ty  of a sunspot. 
E .  

'Sola; f lares  are classified according t o  their area and intensity as 

seen i n  the Ha emission l ine.  The approximate area and relative fre- 

quency of various types of flares are tabulated i n  Table 5 [de Jager, 

1959;/Beckers,,1962] 

! 

In the calculations that  follow, we shall 
! 
I 

, 

k 
-80, . 
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I 

. take the area of a f lare  as seen agalnst the disk of the 8un t o  be 

10'9 an2 The observed area of t flare is a combination of two areas: 

: ; ' the area of the side of the flare as it would be seen on the limb and 

the  area of the top of the  flare as seen a t  the center of the disk. Warwick 

! 
: 

1 

[1955] has observed the change in measured areas of H, flares when seen 

a t  the center of the disk and at some distance from the center. The 

result of t h i s  work was a heightqrequency distribution represented by 
1 ,  

* !  

: e-Bh, where l / S  - 20,300 km. For purposes of calculation we shall take 

9 : the mean thickness of a flare t o  be 10 a. 
I 

The densities i n  a flare are s l ight ly  greater than the densities . i n  
3 the surrounding chromosphere, being of the order of 2 t o  3 X 1013 H atoms/cm 

I 

[de Jager, 19591 . The e l e c t r o n  density shall be taken as equal t o  the 

. proton density. 

Table 6 [Goldberg, Miiller, and Aller, 1960; A l l e r ,  19581 , where we have - 
assumed normal solar abundance i n  the flare. 

The relative abundances of other elements are given i n  

. 
- -  

Spectrographic. measurements of the kinetic temgeratures of flares, 
. 

as derived from l ine  broadening, give values of the order of lo5 OK 

' [Goldberg, Mohler, and Maler, 1958; Zirin, 19591 W e  m u s t  point out 

that these results may be partially caused by mass motions i n  the l ine  

of sight and that the €I, emission observed must come from a region sur- 

rounding the high temperature section of the flare, because i n  the high 

temperature section hydrogen would be. cozn;pletely ionized. 
! 

i 
i 
! 

-9- 
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Magnetic fields of 100 t o  200 gauss are observed in plage regions, 

and t h o i r  8tmr@h puy r ise t o  a few thowurd g a u o  in the flare i t s e l f  

[highton, 19591 

High-energy particles accelerated and.ejected by flares have been 

. observed at the earth. The' different ia l  r igidi ty  spectrum of f la re  

. zrotons observed at the earth is given [Freier and Webber, 19633 by 

- 0" = N  J - W %  e , dR 0 
2 protons/cm sec volt (19) 

' .  

where R is the r ig id i ty  of the proton in volts, and No' and % are 

constants. The r ig id i ty  of a particle with momentum p and charge ze i 
*I is given by - .  

R - E  , 
re 

where c is the velocity of l ight .  When p is i n  units of ev/c, R i n  

volts is  numerically equal to p/z. The kinetic energy, T, of a particle 
t 

: is  related t o  its r igidi ty  by 
._.. 

. .  8 
a 1- 

where M c2 is the rest mass of the par t ic le  i n  electron volts, and 0 
J ! R is measured i n  volts. V a l u e s  of R 0 and No, are given by Freier and 

Webber - for  various flares. For protons i n  the range 'of 1 MeV t o  over 

2 Bev, the value of R 0 for  a given flare was canstant but varied from 

f la re  t o  flare from 50 t o  300 million volts. 
* /  

. b  

-10- 
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For any given f lare  the value of R is the same for both protons 
! 0 

and alpha particle's. 

a t  the same rigidity, p/a! , varied from 1 t o  50. 

The intensity ra t io  of protons t o  alpha particles 

I n  the majority of 

cases t h i s  value was one. 

High-energy electrons accelerated by a flare have also been observed 

at  the earth [Meyer and Vogt, 19623, but t h e i r  spectrum and number cannot 

. be determined by the observations. 

Because we lack information about the particle r igidi ty  spectrum 
.. 
: ' produced a t  the sun by a flare,  we shall assume an emonentlal r igidity 

. 
+ spectrum fo r  protons and alpha particles with values of Ro varying from 

50 t o  300 Mv. 

r igidi ty  spectrum, but that  the electron r igidi ty  constant, RoJ may be 

of a different order of magnitude. We shall consider values of I?, for  

electrons from U O  Kv t o  200 Mv. 

We shall also assume that electrons follow an exponential 

. 
I 
1 
! 

It is certainly conceivable Lhat a t  low energies, e.@;. , proton 
. 

-- 
. kinetic energy less than 30 Mev, an inverse, power spectrum of the kinetic 

energy would produce a bet ter  fit t o  the data. 

only with an order-of-magnitude calculation of the gamma-ray flux i n  

: , this paper, however, we shall assume an m o n e n t i a l  r igidi ty  spectrum 

1 over all energies. 

Since we are  'concerned 
I I 



1 than 10 Mev (R = 136 Mv). 

i the flare may v81y Acopn 10 t o  loo0 seconds. We 8 ' U U  take the to t a l  

i number of protoas mr second' accelerated in -res t o  be N, where  

The time for these prkicles t o  be e3ected by 
' 

- - _ _ . _ _  -- . .~._-_._-------.- .. - -. - . . -__- - --- 

I .  

01 

protons/sec (22) 

I 

N - NORo = 10 32 protons/sec (23) 

W e  shall a l so  assume that the t o t a l  number of accelerated electrons 

produced by a flare is equal t o  the number of accelerated protons produced. 

We shall take the rat io  of the t o t a l  number of alpha particles 1 

1 accelerated t o  the t o t a l  number of protons accelerated t o  be the same as ! 
I 

the rat io  of normal solar abundnnces, 0.14. We shall neglect the effects 
_- I 1 

I of accelerated particles with 2 > 2. i 
1 
I 

i 
In  order t o  calculate the gamma-ray production i n  a f la re  caused by . 

: high-energy particles, we shal l  consider protons/sec, electrons/sec, 
2 . .  

and 1.4 X 103.1 alpha particles/sec interacting over an area of lo1' cm ' and through a depth of 109 cm. Isotmpic'productio? of gamma-ray photons 
I 

* ,  w i l l  'be assumed. 
2 :In all cases the gamma-ray flux a t  the earth i n  photons/cm sec will 

a equal the tot& gamma-ray pyoduction at the sun wr second divided by 
' 

' 417 L: = 2.7 X lon cm2 , w%re I; is the a s t roxh ica l  unit. 

.. 



! 
j .  

1.:. . - -  
. .  V. Intensity and Spectrum of Gamma Radiation from the Sun 

! '  

I 
! 

! Let us now consider the gamma-ray production mechanisms proposed i n  , .  

. *  

'Section If. ... 

; (1) Synchrotron radiation 
' The electromagnetic radiation by an electron of t o t a l  energy E 

in a magnetic field B has an intensity maxinunn at the frequency vm, w h e r e  

I .  

1 
! 

i 
.. 

! 

i .. . 
I 
j .  

-1 sec ; 
6 .  v -1.26 X U  BA m 

'and BL is the cosrponent of the -tic field in gauss perpendicular to 

the particle velocity. For gsmma-ray emission by this process, 

3.8 -1 sec vm > 2.42 X 10 
f $ .  

3 land therefore, i f  we take BL - 10 gauss, 
I 

> 22 Bev . , Eele c t  ron 
, ,.._ . 

.Even with an exponential. r igidity spectrum of % = 200 Mv and No = 5 X 10 29 , 

electrons/sec Mv, the flux at the earth of - 10 kev photons would be 
I 

I f  

. .  
. negligible. Results from bremsstrahlung radiation calculations indicate , 

! 

' that  R is  much less than 70 Mv for electrons. Therefore, synchrotron 
80 

I radiation is not an important mechanism fo r  gamma radiation. 

( 2 )  Electron recombination with atoms (free-bound transit ions) 
I 

The l i m i t , o f t h e  K series X-ray lines is a monotonically increasing 

function Of Z, the atomic number of the atom. The highest Z of an atom 

of significant abundance i n  the coroxm is that of iron, Z - 26, whose K 
._. ~ . - - --- --c - . - 

I 

! 

I .  . .  

. .  
! 



. 

series l imit  l ies a t  1.3 angstroms (7 kev). 

of higber 2 have very s7nall abundancea In the corona azad that f e w  of 

these atoms are ionized t o  the IC shell, it is evident that l i ne  radiation 

resulting from transitions wlthin atom (bound-bound transitions) cannot 

When we consider that atoms 

* produce gamma radiation. - - 
'The energy of a photon emitted i n  a free-bound transit ion is  . .  equal 

* t o  the sum of the -tic energy of the electron plus the ionization 

energy of the atom. 

corresponding t o  the ionization potential. 

with an electron kinetic temperature of lo6 %, iron is not ionized t o  

t h , K  shell. 

of Fe XX and more highly ionized ferric ions is negligible. 

Therefore emission is possible b e l o w  the wavelengths 

Even in the corona, however, 

It exists i n  several ionization states, b u t t h e  abundance 

Recordbination 

,with these ions could pproduce gamma radiation only i f  the captured electron 

were i n  the extreme high-velocity tai l  o f t h e  electron distribution. The 

:scarcity of these electrons and the small capture cross section for  such 
-- 1 

thigh velocities makes such a process a negligible one. 

! 
, 

When we consider that higher 2 elements have a drastically lower 

abundance than iron, and that they, too, are not ionized t o  the K shell, 

we see that gamma rays cannot be produced by free-bound recombinations 

i n  the corona. Lower 2 elements, although more abundant, require electrons 

with even higher energies t o  produce gamma radiation, allowing us t o  

neglect then also. Since flam temperatures are lower than coronal temper- 

atures, free-b'oud c o l l b i o n s  can be neglected 88 producers of gamma 

' radiation. 
- \  

-14- 
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I !  
i i  

(3) Decay of naturally radioactive nuclei 

We can also eliminate naturally-occuring radioactive isotopes as 

sources of solar gaplrms radiation. The p!rimary 6ource o f t h i s  type on 

the sun is potassim-40 (IC . ). 40 9 
It has a half-life of 1.25 X 10 years, 

a t e r r e s t r i a l  abunaance of 0.01 ypr cent of a l l  potassium, and decays 

by B' emission accoxpanied by a 1.46 Mev gamma ray. Even if all solar 

potassium were in this isotopic form, the low abundance and long half- 

l i f e  would lead t o  infinitesimal fluxes a t  the earth. 

half-lives of less than 16 years would have disappeared from the outer 

regions of the su, since the sun is at l eas t  19 years o~ and no 

Isotopes with 

. 

mixing occurs between . .  the core,where new isotopes are produced, and the 

outer layers. 

We shall consider the production of radioactive nuclei by reactions 

of the outer layers of the sun w i t h  energetic f la re  and cosmic-ray protons 

and alpha particles i n  the section on nucleon-nucleon reactions. 

(4)  Inverse Compton effect 

The inverse Compton effect consists of the transfer of energy from 

energetic particles t o  photons by means of collisions between the two. 

The average energy loss, AE, of a p a r t i c l e  of t o t a l  energy E in suck 5 

collision with a photon of i n i t i a l  energy k, measured in the observer's 

res t  frame,is [Feenberg and Primakoff, 1948; Donahue, 19483 

I 

-15- 
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i 
! 
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: 

I . .  

. .  

I 
! 

. .  
, . .  

a .  

' I  

where . .I 

' .  
, .  ' ,  

k' - yk (1 + B cos e); 

B - v/c; 

v - velocity of the particle; 

I 
, 

Y dE/Moc2 ; .. 
* rest energy of the particle; 

I 

(n-e)- & between the velocity vector of the 
I particle the veloiity vector of the I 

photon before collision. 
- -  

The equatiog for  the energy loss by the electron assumes 

I 

' W i t h  B w 1 and the average valm of 8 cos 8 equal t o  zero, the 'equstion 

f o r  AE becanes 1. 

A E u y %  (27) 

i 

I 

_-  

; 
"he average energy of the photons emitted by the sun is 1.4 ev; 

a therefore, t o  transfer 10 kev t o  a thermal photon, electrons of 
I 

I 

I' approximately 43 Mev kinetic energy or  protons of 80 Bev kinetic energy 

are necessary. 

by the sun is 7.4 X 10" ergs/= sec; during a f lare  th i s  value might 

become 1.1 times as'great [Parker, 19571 . 

Over the visible range (3000 to 6000 A) the energy emitted 
I 2 

Therefore the photon density 

a t  the sun is appmximately lou uno3 .. -. With ---- 'a solar - - - _ _  constant of 1.94 
- 4  _ _  . - - .  

2 .. *cal/cm u, and an average the& photon e w m  of 1.4 ev, the photon - _. . - __.-__ _... - - .- .- - . .  . I-. . . -. .. 

density at the earth i s  about 2 X lo7 ano3 



f /  

, - .  I 

\ 
i 
! 

I 
. .  . .  

! . .  

\ 
&king use of the method of J'eenberP: and Primakoff CL948I , we 

find the number of Compton collisions with thennal solar ghotons 

made by an electron traveling radially from the sun to the earth is 

8.7 X loo2 A proton w o e  make only 2.6 X lo4 collisions. 

The integral gamma-ray flux at the earth is then calculated by 

considering the t o t a l  PUmber of electrone f o r  a given r igidi ty  

1 

i 
! 

. . a  

i 
I . 
i 

f 1 

- 
spxtrum with energy greater than 50 Mev incident pbr second on the 

high photon-density region near the sun, where most of the collisions 

occur. The integral flu of photons at the earth with energy greater 

I 

I I 

! 
1 

i 
i 

! , than 10 kev is given in.Table 7. 
! 

As Table 7 shows, for % greater than 5 Mv the flux at ' the  earth 

Bremsstrahlung calculations, however, indicate that Ro 
I 
I is  detectable. 

fo r  electrons is much less than 5 Mv. 

since both inverse Compton and bremstrahlung; g m  rays have a continuous 

energy s p e c t m ,  the former will be masked by the l a t t e r  unless the 

electron Ro is greater than 10 Mv. Since this  does not seem t o  be the case, 

the inverse Compton effect is not an important gamma-ray source. 

I 
! 
! It m u s t  also be pointed out that 

. 

-r 

, 

Stein and Ney [l9633 have proposed that the white light produced by 

f 

, 

some flares i s  caused by synchrotron radiation of electrons with 

% = 200 Mv. 

flux at the earth resulting fromthe inverse Compton effect  is possible 

! 

If such electrons exist i n  a flare, a detectable gamma-ray 

I [Gordon, 19603 . 
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(5) nec t ron  bremsstrahlung 

A mechanism that can produce a continuous' spectrum of solar gamma 

raj ia t ion is electron bremsserahlung. Brqnsstrahlung can be considered 

the result both of free-free electron transitions caused by deceleration 

: of high-energy electrons i n  the dense flare volume (N - 3 X 1013 ano3) 

. and of free-free transit ions by electrons i n  a hot gas (thermal 

, bremsstrahlung). 
I 

Bremsstrahlung by high-energy electrons appears t o  be predominant. 

, The quantum mechanical e ~ ~ r e s s i o n  for the energy M i s t e d  per unit path 

I length i n  the frequency range v to v + dv by a par t ic le  of rest mass 

I Mo i d  the field of a &+e of charge 2 is [Eva=, 19553 

I . .. . 
1 

-27 2 2 1 
uo = - 137 (e2/%c2) = 0.580 X 10 cm ; 

N~ ='number of p a r t i c k s  of charge z per a'; 

T = kinetic energy of the  particle; - 
B - the average value of a slowly varying function i n  the U - v + d v  

frequency i n t e r v a l  u t o  u + du [&the and Heitler, 19343. 

Thus per unit path length the mean number of photons i n  the energy 
I 

intem& between hv and hu + d(hv) emitted per electron is dW/hw . The 
i 

.. . . ,*  gamma-yay flux'will be based on electrons/sec passing through the 



32 
!&I = lo 

electrons/sec volt (32) 

and R is related t o  the kinetic energy T by 

1 2 
R [(T + M0c2) - (Mo 

. In the flare volume N = 3 X 1013 cmo3, and the average 
Z 

The n W e r  of ganrms-ray photons per cm 2 per sec i n  

. eerval.  between v and v + dv at the earth is given by 

eI.ectrons/se c 
.. 

a' 

(33) 

value of Z' is 1.36 

the frequency 

(34) 

We evaluated this integral numerically. The integral photon flux at _- 
the  earth for  a range of values of R is given i n  Table 8 and Table 9. 0 

I n  a region where the density is 3 X 1013 protons the 

electron spectrum is modified i n  seconds because of energy losses by 

synchrotron radiation and collisions i n  addition t o  bremsstrahlung. - Stein 

an6 Ney [1963] give a comparison of the relative rate of energy loss. 

An accurate determination of the  sl>ectnun as a function of'%ime is very 

diff icul t -  The few gamma-ray spectra that are available [Friedman, 19633 

indicate that the electron rigidity spectra have exponential decay const&?ts, 

%of less than 1 Mv. 

~ 

I 

I 

a9- 
. .  



I 

Because of the hwer densities i n  the chromosphere and corona 

regions outside of the flare volume, bremsstrahlung in these regions 

resulting fYan deceleration of high-energy electrons is negligible 

, coqpared t o  bremsstrahlung i n  the flare volume. 

Proton bremsstrahlung can be neglected compared t o  electron 
2 bremsstrahlung, since Go - l /Mo 

The..intensity of the radiation from free-free electron transit ions 

i n  a gas i s  given [E lwer t ,  1961; Stein and NeyI 19631 by 

where Z2 = 1.36; 

Mo = electron mass; 

k = Boltmanu's constant 

. = 8.616 X ev/deg; 

! g = Gaunt f i c to r  w 1; 

T = temperature of gas, measured i n  degrees Kelvin; 

. Ne = electron density; - 
Ni = proton density. 

For emission over 4 ~ r  steradians f'rom a volume of los an3 

Ne= Ni = 3 X loL3 ano3, the i n t e e d l  gamma-ray flux at the earth is 

where 



. .  

I ! 

given by 

I 
a 1.2 x 10 

erff . .  
T 

p ‘6.5 (T’) e 2 cm aec 

I 

I 6 . For temperatures of 10 5 o r  10 OK, the flux at the earth is negligible. 
I 

The observed value of the flux f o r  the 8/3/59 flare fo r  hv > X) kev 
was  4.5 X loo6 ergs/= 2 sec [Chubb, Friedman, and Kreplin, 19601 

i 
* ! Temperatures of the order of lo7 % or higher could generate the observed 

- 

. : 
’ 

flux. 

thus we cannot assume that the volume of the region emitting gamma rays 

is the same as that emitting Ha Although the duration of the 8/31/59 

flare was  of the order of minutes, other observed gamma-ray bursts 

occurred i n  seconds. 

A gas a t  these temperatures, however, would not radiate i n  Hdand 

l 

- -  Such rapid changes i n  the  flu a l s o  rule out thermal e 

: 8 or igin from a large volume. A t  energies less  than 10 kev, bremsstrahlung 
I 

I by thermal electrons may be the most important source of X-rays 

‘1960; de Jager, 1963; Friedman, 19631 e 

[Kawabata, 
. -  

I 

(6) Nucleon-nucleon reactions 

(a)  Thermonuclear reactions. The kinetic temperature of flares and 

the corona is high enough so that thermonuclear reactions may occur. The 

energy liberated by mass conversion i n  these reactions can be i n  the form 

of gamma radiation o r  positrons which annihilate t o  form gamma radiation. I 

The thennonuclear reactions most l ikely t o  produce gamma radiation, cm- 
~ 

sider ing.  relative abundances and Coulomb barrier potentials, are 



I 

I The reaction rate between two unlike particles is given by 

I 
: 

where and n are the number of reacting particles per an3 and < 0 v > 
'2 

I 

I i s  the average of the product of the reaction cross section and the relative 
I 

velocity o f t h e  reactixg particles. For reactions between l ike  particles, ! 

If the particles have a Maxwell-Boltzmann velocity distribution, then 

[Gmow and Critchfield, 1949; CmLGron, 1961; Salpeter, 19523 .- 

where . 

, 

.. S = a E ' e x p  ev barn; 



i . .  
I 

j 
4 .  

i .  

! 

i . .  i 

i 

! 

8 ;  . .  
i 

I 

, 

1 

.. ! 

2 = atomic number; 

A - a%omic mas8 number; 

6 TG= temperature in units. of 10 %; 
E = energy corresponding to the relative. 

.. irelocity v = 3 m v2; 

m = reduced m8ss = 5 mJ(y + m&; 

. .  
U = cross section for  the reaction in barns 

. .  
(lo'& an2) at the energy E. 

S is a slowly varying function of the energy E and can be considered 

. constant. 

For reaction (A) the value of S is 3.12 X ev barn [Salpeter, 
.: 

.. 

,19523 . The reaction rates and gamma-ray fluxes a t  the earth are given 

. !in Table 10. If we take the volume of the f la re  t o  be loas cm3, the 
2 

gamma-ray flux at 0.51 Mev is 3 X photons/cm sec at the earth. 

I n  these calculations the positrons were assumed t o  annihilate instantane- 

ously. W e  w i l l  discuss the positron-annihilation time i n  a l a t e r  section., 

For a' corona volume of 6.2 X cm3 (a  hemispherical she l l  whose outer 

'radius is 1.2 solar radii), a temperature of 1.5 X lo6 OK, and a density 

of lo9 

For a coronal condensation volume of 1.2 X lo3' cm3 (1.2 X 

a temperature of 4 X 10 %, and a density of 5 X 10" 

the earth is 1.4 X ioga photons/cm sec. 

2 
the gamma-ray flux a t  the earth is 7 X photons/cm sec. 

0 cm2 X 10 cm), 

6 the flu a t  
2 1 

-23- 
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1 

i 
i 
i 

; I  
< I  

i 

! I 1  
I * kn reaction (B), neutron capture by a proton t o  fonn deuterium, I /  
I I I 

! i tthe +ootioa rate i s  g%.wn by 
1 i 

and 1 

i 

i 
cmo3 sec (40) 

! 
. . '  

cm ' 2  (41) 

L- 

where! n and n are the neutron and proton densities (cmo3). 

% = 3 x 10~3 -03; consequently, 

In the 
P I n  

cm O3 sec -' (42) 

The gamma-ray flux at the earth is then 

I - (8.1 X n . photons/cm 2 sec (43) 
n 

Neutrons, with a half-life i n  the free s ta te  of 13 minutes, are not .- 

normally present at  the solar surface. 

nuclear reactions of flare-accelerated protons and alpha particles with 

nuclei present in the f la re  region, primarily 

The neutrons originate from 

and from thermonuclear reactions, primarily 

€I2 (d, n) He 3 

4 €I3 (d, n) He . 

I 



'gives a neutrojn production rate of  0.1 an-3 m o o 1  for  % 
: 0.7 anm3 sec'l fo r  R = 2QO Mv. The mean neutron energy is a few Mev. 

70 Mv and 

0 

Post [19561 has discussed the thermonuclear reactions, and has - 
calculated the reaction rate fo r  a flare. 

n w 10-5 n a temperature of 3.5 x 105 

, the  neutron production rate from the d-d reaction is negligible. 

For a deuteron density 

n - 3 x 10~3 cm-3, 
d P' P 

Most of the neutrons produced in these reactions will escape from 

.the flare region. Neutrons with an energy of 3 Mev have a velocity 1 

 he t o t a l  cross section for  approximate- equal t o  3 x 109 cm/sec. 

.. 

I 

n-p reactions at this energy is - 3 barns; thus, fo r  n 3 X 1013 cmw3, 
P 

.the neutron mean f'ree path 'is - 10 10 cm . 
Because 52 the absence of neutrons i n  the corona and the low production 

'of neutrons in this region during a flare, the gamma-ray flux f r o m  the 

entire corona caused by reaction (B) is negligible compared t o  production 

- -  . in the flare volume. 

. ' Although reaction (B) produces deuterium i n  the region of the flare,  . 

I 

it is interesting t o  note that  it would be i n  quantities far below that 

spectroscopically detectable. 

i n  a flare was based on an unsymmetrical H, l ine  (the D, l ine  being 

The only claim t o  have observed deuterium 

shifted 1.78 angstrams from the Ha l ine)  [Goldberg, Mohler, and Mcller, 

19581'. The deuterium abundance derived was from 1 t o  4 per c'ent that  
- 1  

of the hydrogen'abundance, which compares with a normal abundance of 

l e s s  than 4 X that of hydrogen [Riahini, 19621 

never seen in any other flare, was probably caused by mass motions i n  the 

'line of sight . 

The l ine  asymmetry, 

. ---...-- .... - - . ~ . . -_.__ . ___. _ _  
1 



I Tne reaction (c), involving deuterium as a reagent, is  d s o  a 

poor gamma-ray producer. The value of S for  t h i s  reaction is 
1 

7.8 X lo'* ev bara [Cameron, 19573 . Even aeeuming the deuterium 
I 

! abundance t o  be 18 per cent that of hydrogen in a flare, a flux at the i 2 ; I  earth of only 1 X 10.~ photons/cm sec is  obtained fram th is  reaction. 
i 

.. With,an abundance of deuterium i n  the corona less  than 4 X lo'' that of < I  

hydrogen, the flux at the earth fromthis reaction would be less than 

9.5 X iooL4 photons/cm sec from the entire corona. 
i 2 For a coronal 
I I 

6 
: *  condensation at  4 X 10 %, the flux would be less than 1.8 X 

2 
. -  photons/cm sec. 

i (b) De-excitation of nuclei produced by nuclear reactions. Table ll I 

lists the proton-induced nuclear reactions of interest  t o  this investigation, 

e i ther  because they produce gamma .-adiation directly, o r  because they produce 

it indirectly by positron fonnation, o r  because they produce neutrons. 

i 

, . 
The number of nuclear reactions per second, r, i n  the flare volume 

j is  given by 
,- 

i 
I 

- 9  

where 

. .  

! 

-3 n = density of target nuclei (a ); 

Q = reaction cross section (cm ); 

A = interaction path length, which is equal t o  

t 

r- 
2 

, 
the flare thickness (a); ' 

' 

= number of particles incident on the flare volume 
d R  

per second per volt; * 

= rigidity at threshold f o r  the reaction. Rt 



Calculations of the reaction rate assume that the accelerated particles 

.pass through the f l a r e  volume an2 X 109 cm) and interact over a 

distance of 10 9 cm. The target nuclei densities are given i n  Table 6. 

' W e  take the proton flux t o  be protons/sec over the flare area and 

assume an exponential r igidi ty  sgectrum (Section I V ) .  .. 
The reaction cross section can be written as the sum o f t h e  cross 

. :sections of individual ine l a s t i c  reactions. 

:interest, f o r  proton reactiGJs with a given target nucleus 

In the ecergy range of 

! .  - (45 1 

I .  

where we have neglected higher-order terms as well as the reactions 

(2, Y) ( P J  a)o 

Using the optical model assumptions of Fernbadh, Serber, and Taylor 

[l?49] for  a uniform density nucleus of radius p = Po *'I3, we can approxi- 

mate the reaction cross section [Wattenburg, 19571 by 

r 

K - 5 X l O  3 2  , where 

over the energy region where ar ,is agproximately canstant. 
1 

, I 
. I  . 
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I 

$ 

'Direct gamms-ray emission results from these reactions because of 

This decay usually 
1 

. decay of the excited s t a t e s  of the product nuclei. 

occurs i n  less  than 10-l' second. This gamma-ray production rate i n  

the f la re  is given.by the product of the reaction rate, r, and the gamma- 

ray multiplicity per react'ion, m. 

function of energy f o r  flare-accelerated protons interacting with helium, 

1 

Table 12 gives the value of 03 as a 

. carbon, nitrogen, and oxygen. From the threshold energy of a f e w  Mev 

t o  about 30 Mev, the predominant gama-ray emission results from (p, p') 

' reactions (inelastic scattering) on carbon [Burge, 19591 , nitrogen [ma 
I - 
I 

e t  al.:? 19601 , and oxygen [Kobayashi, 19601 . A multiplicity, m, of 
I 

.. 

1 

one was I used for  carbon; snd a multiplicity of two was used fo r  nitrogen 

ami oxygen i n  t h i s  energy range LScherrer. Theus. and Faust,1953; Hofhann 

1 
! 

energies although or is  constant, iz7lying that i n  most reactions the end- 

and Winckler,l9631. 

~ 

7 The gamma-ray production rate decreases at  higher 

product nucleus is produced i n  its ground state.  

greater than 30 Mev, the value of Orm measured a t  150 Mev [Foley, Solmon, 

u ~ l e q g ,  1962; Clegg, Foley, Solmon, and Segel, 19611 was used. 

For proton energies 
._ 

, 

The gama-ray emission caused by these reactions consists of l ine  

emission i n  the energy region from 0.5 t o  10 Mev. 

predominant l ine  emission from carbon is 4.43 Mev and from oxygen, 6.15 &v. 

O v e r  t h i s  energy region the gamma-ray flu at the earth for  Ro-= 70 Mv 

For example, the 

4 

is 0.16 photon/cm 2 sec and fo r  Ro = 200 Mv is  0.24 photon/= a sec. 

I Assuming a ra t io  of a! particles t o  protons of 0.14 fo r  the accelerated 
I 

particles, and acceleration t o  the same r igidi ty  spectnm, we can neglect 

a-particle reactions 

-28- 



I I : -  
i 
! 

! . , reaction rates i n  the flare i tself .  

i Because of the drastically reduced target densities i n  the corona, 

'nuclear-=action rates there can be neglected i n  conrparison with 
I 
1 -  

! 

The gamma-ray fluxes predicted for this energy region are certainly 
1 .  ' 
I , detectable; l i t t l e  effort  has been made, however, t o  investigate this 

" 

! 

I 

1 

i 
! 

l i  1 portion of the spectrum. 

I !  

I .- 
! 
i 
! 

0 
(c) TI -meson decay. A t  proton energies above 200 Mev the predominant 

I 
I 

, mechanism of gamma-ray production is the decay of @ mesons, 

I 
0 = ' 2 . Y  # 

I 

. 'which are produced i n  proton-proton collisions. The decay time fo r  the 
! 
I : # meson is 2 X second. For decay a t  rest each of the photons I 

~ 

I 
I 

would have an energy of 70 Mev. 

The cross section as a function of proton and #-particle energy 
I- 

- r  fo r  the reactions 

~ 

. and also reactions f o r  multiple meson production are given by Pollack 

Fazio [1963] . W e  computed the gamma-ray flux a t  the earth as in 
l 

section (b), using exponential rigidity spectra with R = 70 Mv and o \  ' I  

: i  
I /  R = 200 Mv. 

4.8 X 

For R = 70 Mv the flux (hv > 50 Mev) a t  the earth is 
0 ' 0  I 

* I  photons/un 2 sec,and for % = 200 Mv the flux is 7.4 X lo'* 

photons/cm 2 sec. Note that the gamma-ray f lux  in t h i s  energy region : I  
. .  



is highly deppndent on the value of R and certainly indicates the 0 
' presence of very high-energy particle; i n  the flare. Neutral meson 

i 
. I  

i 
! 

: I  

.. c 
I '  

decay is the chief source of radiation for  all energies above 50 Mev. 

It is interesting t o  note that n 0 mesons can also be produced 

by galactic cosmic-ray protons and CY particles interacting at the 

solar  surface. The flux at the eprth f o r  photons with energy greater 

than 50 Mev caused by this effect is - 10 -6 photons/cm 2 sec. 

(7) Positron-electron annihilation. 

Positrons generated as by-products of nuclear reactions on the 

sun can annihi'lte with electrons t o  form gamma radiation: 

where the gama-ray energy is 0.51 Mev for  annihilation a t  rest. Tne 

cross section fo r  this reaction has a maximum when the positron t o t a l  

energy, E+ , apiroximately equals the positron rest  mass energy, 

.Moc2 = 0.51 Mev. A t  this energy the annihilation rate, r, is given by 

r = n+ n_ (mO2) c , an-3 sec-l (47) 
a. .. . . \  . .  

. where n+ and n = the positron and electron densities (ang3); - 
2 cm n r  -0.25 X 10 -24. 

0 
c = velocity of light. 

Posi'i;rons.are generated by the beta-decay of nuclei and t'ne decay of 
+ 

TI mesons. 



. 

*- 

(a) Beta-decay of nuclei. The nucleon-nucleon reactions discussed 
: '  
I 
I above, i n  addition t o  produciw nuclei in excited states, also produce 

nuclei which are radioactive and decay by positron-emission. The gamma- 

ray flu resulting f'romthe subsequent positron annihilation depends not 

only on the  rate of production o f  the radioactive nuclei but also on the 

mean lifetime fo r  decay. 

. 
' 

i 

I 

1 The only nuclei which can contribute signifi- 

cantly t o  the gamma-ray flux are those that decay with a mean lifetime 

less than o r  approximately equal. t o  the t o t a l  time, to, that the 

accelerated protons interact with the flare. The rate of decay at  t f m e  

0' 

l 

t after the protons ini t ia l ly  in te rac t  is given, for t * t by 
I 

' @ = r (1-e ' 

where r = constant rate of production of the radioactive * I  j 

nuclei; 

A = decay constant = 1/~ ; 

7 = mean lifetime. 

0' A t  t = t the production ceases and the rate of decay becomes, for  t > t 0 
-1 

sec (49) j 
: I  

For an interaction time t 

of positrons, based on reaction rates and decay times, for  proton and a- 

particle-induced reactions are given i n  Table 13. 

assumed i n  Tableu were calculated by Chua [1963] and are estimated from 

= 100 seconds i n  a flare, the principal sources 
0 I 

~ 

The average cross sections 

1 

I ; I  

J 

. .  
~ 
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j f  
I 

* 

coqound nucleus formation cross sections by assuming all decay channels ' 

+ : - equally probable. The most important source of positrons is  
i 
i 

j d2(B+) C12 . 
1 

For this reactioa the gamma-ray f lux  a t  the earth is 3.4 X loo3 photons/cm 2'- 
: 

sec fo r  R = 70 Mv and 2.1 X Bhotons/cm 2 sec f o r  R = 200 Mv. 
i ' 0  0 I 

I I 1 
For these fluxes the positron was assumed to annihilate instantaneously. , 

i 
I 

_, . I i 
i 
I This is not the actual s i tua t ion .  The t o t a l  time from production to 
I . I  

annihilation is the' sum of the time needed for the positron t o  lose energy: , * ' I 
I 

i 

by synchrotron radiation and ionization t o  a final t o t a l  energy of - 0.5 ' 1 . /' i 
I Y 1 
I - 
I , Mev, plus the t i m e  f o r  annihilation at t h i s  energy. 
8 .  

The rate  of energy loss is  given [Ginzbur&, 19581 by 

I (1) magnetic bremsstrauung, 
I 

i 

( 2 )  collision i n  ionized hydrogen, 
I , 

a/dt - -7.62 x 10'~ n(.&- - an n + 7.46) ev/sec (51) 
2 mc 

w -a ev/sec 

I 

i 

i where E is the t o t a l  energy of the positron; BA is  the component of tha 

magnetic f ie ld  i n  gauss perpendicular t o  the motion; n is  the proton 

density; nc2 is the rest energy of the positron (0.5l.l Mev); and a and 

a. 

I 

b are constants. . .  

. .  . . . . . - . .. . . 



. .  

. .  

The total  rate of energy loss is 

where 

: where 

7 :a - 10 ,; 

’D = 10-9 ; 

B, 2 = 2.5 X 10 5 gauss 2 .  , 

n = 3 x 10~3 an-3 . 
Solving the above equation for t, we have . 

ev/sec (52) 

I 
! 
! 
! .. I 
I 

E = E  0 a t t = O  . 
For Eo = 10 Mev arad E = 0.5 Mev, t = 1 sec . 

- *  

The annihilation.time is 

for 

! 

2 t = l /n - moc = 4 see 
a 

Therefore, the total  time f r o m  production t o  annihilation is 

as2roxixmtely 5 seconds. 

-.33- 
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. .: 

I (b) Meson decay. An additional source of positrons is  the Cecay 
+ i o f  n mesops $rotiu~ed i n  griton-proton proton-a-particle ._ reactions: 

Ti+ - u+ + v (7 = 2.6 x sec) 

u+ - e+ + v + 7 . .(? 5 2.2 x sec) 

The threshold f o r  the p-p reaction is  290 Nkv and fo r  the p-o! reaction, 

. 172 Mev. Multiple meson production is possible at higher energies. 

The production of ~imesons, including cross sections and multiplicities, 
. .  
. . was previously considered by Pollack and Fazio Note that 

j u s t  above threshold energy t o  approximately 1 Bev, the production of 

T? 10esons dominates the production of # mesons. 
For a typical positron energy of 100 Mev, the time from production t o  

annihilation is  about 8 seconds. 

Tne gamma-ray flux at the earth produced by positrons from beta-decay 

and meson decay is  given in Table 14 for  two values of % : % = 70 Mv 

i and Ro = 200 Mv. 
* .  

V I .  Modification of Calculated Fluxes 
! 

'Because of the wide variations i n  the paraneters involved i n  the 

calculation of gamma-ray fluxes from solar flares, a l l  ca l c f i t i ons  i n  

t h i s  paper are based on shrple representative values. 

of the results are directly -prozortional t o  the parameters which change 

from flare t o  flare, and can easi* be converted t o  any observed se t  of 

Fortunately, Eost 



__ 

.. 

I 

paramaterr for  a given f l a r e .  

area of the flare; the number of protons, electrons, and alpha 

particles interacting i n  the flare per second; and the exponential' 

of the'partlcle spectrum. Only the last of the decay constant, - 
three parameters requires any amount of recalculation other than 

multiplication, and in this case the photon fluxes have been calculated 

f o r  a range of values of R 

The moat i q o r t a n t  parametere are the 

*O' 

. 0 
Such other quantities as the density o f t h e  atomic species an& the 

path length of particles through the flare may a lso  change i n  value fron 

' flare t o  flare. Since these q&tities are difficult t o  determine for  

any one flare, it is probably best t o  use the values available for  an 

average flare. 

I 

m1. summsry 
_- 

The gamma-ray spectrum of the sun i s  simple i n  i ts  qualitative 

aspects and can yield valuable information on the nature of s o l a r  flares. 

ALmost all gamma-ray act ivi ty  w i l l  be associated w i t h  a f la re  region. 

The spectrum from 10 kev t o  a few MeV consists of continuous radiation, 

caused primarily by electron bremsstrahlung, which monotonically decreases 

i n  intensity with increasing energy. 

because of positron annihilation; at  2.23 MeV, because of dehteron forma- 

tion; and throughout the spectrum from 0.5 to 10 MeV because of nuclear 

de-excitation. 

de-excitation process are a t  4.43 ~ e v ,  from C14, and at 6.14 Mev, fro= 0 

ai' 

Line emission occurs at 0.51 kev 

1 

The most important l ine  emissions caused by the 
\ 16 

\ 
1 
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'All the above sources of l i ne  emission indicate the occurrence of 

nuclear reactions during a flare. The intensity of the 2.23 Mev 

: l ine  is a measure of the neutron density i n  a flare. The gamma-ray 
0 flux above 50 Y i v  is primarily caused by IT -meson decay, which 

1 

produces a continuous spectrum peaking at about 100 Mev. The flux 

i n  this energy region is very sensitive t o  the value of R and can 
I 

I 0 
yield much information about the accelerated particle spectrum i n  the 

. flare. 

: remeniber that the strength of the continuum backpound radiation i h  

I n  discussing the detectability of l ine  enission, we must 

relation t o  the l i ne  intensity determines just  how easily the l ine  may 

. b e  detected. The 0.51 Mev l i ne  w i l l .  be in the bremsstrahlung continuum 

and w i l l  therefore be d i f f icu l t  t o  detect. 

l ine  emission caused by nuclear de-excitation are relatively free of 

The 2.23 Mev l i ne  and the 

this packground. 

on the neutron density; the de-excitation gamma rays should, however, be 

easily. detectable i n  a large flare. 

made t o  search fo r  these lines. 

The deuteron line may be d i f f icu l t  t o  detect, depending 
1 

\ 
i 

A t  present little effor t  has been 
L 

. Almost all solar garma radiation is caused by flares. The only radiation i 

that should emanate from a completely quiet sun is that resulting from the 

interaction of galactic cosmic rays with the solar photosphere. 

0 

The 

occurrence, even during quiet periods, of many class 1- flares  and sub- 

flares, however, may result in small, irregular fluxes of gaimna radiation. 
t 

~. . . .  . . 
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The present status of the detection of X-rays and gama rays 

from the sun has been summarized by Friedman E19631 The highest- 

energy photons detected were in the 300 t o  500 kev region [Peterson 

and Winckler, 19591 , and all gama rays detected thus far give spectra 

indicative of electron breinsstrahlung;. 

OCQuTBd i n  bursts associated with flares. 

portions of the spectrum are given by the results of eicperiments aboard 

the first Orbiting Solar Ob,ervatory kincsay, 19631 . The sensit ivity 

of present detectors i n  the 0.1 t o  3.0 Mev energy region is about 

1 photon/cm* sec and above the 50 Mev region>- loo3 photon/cm sec. 

experiments have so far.been performed i n  the 3.0 t o  50 Mev region. 

All of the radiation has 

Present upper limits on other 

2 No 

The only indication of nuclear reactions i n  a solar f la re  has been 

3 the detection of If and He3 i n  the exposed section of a sa t e l l i t e  

(Discoverer 17) during a class 3+ flare on November 12, 1960 [Firemas, 

DeFelice, and Tilles, 1961; Schaeffer and Ghringer, 1962; Ea?, Lingenfeltzr, 
3 MazDonald, and Libbey, 19623 . Both H and He3 could be produced by the 

reactions 

He4 (2, He 3 

.. 

8 

I *  

, .. 

.. 
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To better underStrmd the proceases occurring during a solar flare 

we must investigate the gamma-ray portion o f t h e  electromagnetic 

spectrum emitted by a flare. Because of local  background radiation, 

the construction of sensitive, directional detectors is  no% easy but . 

is worth pursuing. 

are available t o  carry gamma-ray detectors, and we urge that experiments 

be planned fo r  the coming maxinun of the solar cycle t o  thoroughly 

.. 
Space vehic les  such as the Orbiting Solar Observatories 

investigate this porkion of the spectrum. 

We thank Dr. A. 0. W. Cameron, Prof. E. L. and D r .  H. Mitler 

: f o r  their assistance and suggestions. 
I .  
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13. P ~ C P A I ;  SOURCES OF puucuz mcx DECAY BY e+ MISSION 

React ion 

.. , * 1 .  

I .  

i 
I 

! 

I , 

I 
i 

19.9 

6.4 

16.7 

'11.4 

29.0 

6.1 

1% 2 

29.6 

_- 

Average 
Cross Section 

' ( d l  

46.0 

53.3 

52.9 

22.7 

30.3 

0.6 

26.3 

33- 7 

Nuclear 
Reaction Rate 
(104 cm-3 sec-l) 

Ro = 70 Mv . Ro =I 200 Nv 

3.4 

16.2 

0.26 

0.13 . 

1.7 x 10-2 

1.1 

0.24 

30 

8.8 

60 

1.86 

1.80 

9.4 x 10-3 

3.2 

3.2 . 

'-56,- 



! 

i 
I 

; I  
. ,  I ,  

1 :  
! 

1 "  
I 

: .  
~ 

_. . -- 

Source 
Reaction 

: j  

! 
! .  
; 1 

j I 

I ! 

3.4 x 10-3 

' 5.7 x 10-5 

2.1 x 

4.2 X loo1 Ti+ - p+.+ v 
p+ 4 e+ + v + Y# 

. ,  

I 

-57- 
! 

. . - .  . . -.  


